Drug resistant infections represent one of the most challenging medical problems of our time. Dcycloserine is an antibiotic used for decades without appearance and dissemination of antibiotic resistant strains, making it an ideal model compound to understand what drives resistance evasion. We investigated why Mycobacterium tuberculosis fails to become resistant to Dcycloserine. To address this question we employed a combination of bacterial genetics, genomics, biochemistry and fitness analysis in vitro, in macrophages and in mice. Altogether, our results suggest that the ultra-low mutation frequency associated with D-cycloserine
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The number of human infections caused by bacteria resistant to antibiotics has dramatically increased in the last decades (1) (2) (3) . Currently, almost all drug classes in clinical use are matched by evolved mechanisms of resistance in bacteria (4, 5) . Some of these bacteria are pan-resistant and cannot be treated with any approved drugs (6) . While we understand very well how these antibiotics work and how antibiotic resistance works in many cases, we still fail to recognize how some drugs select for resistant in months while others need several decades (resistance evasion) (7, 8) .
As for all other human pathogens, Mycobacterium tuberculosis, the etiological agent of human tuberculosis (TB), has acquired mutations in its genome and evolved resistance mechanisms to almost all drugs that it has encountered during chemotherapy (9) . Currently, the genetic basis for first-and second-line antibiotic resistance in M. tuberculosis is well characterized, with one exception, the antibiotic D-cycloserine (DCS) (10) . DCS belongs to the core second line treatment group C listed by WHO guidelines for treatment of multi-drug and extensively-drug resistant-TB (MDR/XDR-TB). Given its activity and lack of reported resistance in strains infecting humans, DCS has been called "the cornerstone option" for treating drug resistant TB cases (11) . This feature makes DCS the only antibiotic that has been used in humans for almost seven decades that has evaded resistance selection in bacterial populations (12, 13) . From a practical standpoint, the molecular and cellular determinants for DCS resistance-evasion are highly attractive features that if understood could be incorporated into antibiotic drug discovery programs aimed at developing superior antimicrobial agents for the treatment of tuberculosis and other infectious diseases.
In contrast to the mechanisms of resistance, the mechanism of DCS action has been well studied since its discovery in the 1950's. In all bacteria tested, DCS inhibits two enzymes of the D-Ala-D-Ala branch of peptidoglycan biosynthesis: alanine racemase (Alr) and D-Ala:D-Ala ligase (Ddl) (14, 15) . In M. tuberculosis, it has been established that despite DCS still inhibiting both targets, the principal mechanism of bacterial death is inhibition of D-Ala:D-Ala ligase (encoded by the ddlA gene), instead of inhibition of alanine racemase (encoded by the alr gene) (16, 17) .
This conclusion is supported by earlier independent work which demonstrates a high catalytic excess of alanine racemase in Mycobacterium smegmatis (18) . Surprisingly, until very recently there were no well-defined, associated mutations conferring DCS resistance in the clinic. It has been described that in the fast-grower, free-living Mycobacterium smegmatis, artificial overexpression of both Alr and DdlA result in DCS resistance (19, 20) . Furthermore, a point mutation in the cycA gene, encoding for the DCS transporter, is responsible for the natural DCS resistance of Mycobacterium bovis BCG (21) . Recently, whole-genome sequencing (WGS) data from clinical isolates including MDR and XDR-TB strains identified non-synonymous single nucleotide polymorphisms (SNPs) in the alr gene with the possibility of some of them conferring low-level DCS resistance (22) (23) (24) . However, whether these SNPs are relevant during TB treatment remains unclear.
To identify possible indications of DCS resistance in M. tuberculosis, we first analysed the distribution and frequency of SNPs in the DCS target genes alr, ddlA, cycA as well as the ald gene, as it has been recently implicated in low-level DCS resistance (24) . We screened a published dataset comprising 1,601 genomes of M. tuberculosis clinical isolates (25) and compared it to the polymorphisms found in rpoB and gyrA, associated with drug resistance to rifampicin (26) and fluoroquinolones (27) , respectively. We identified scarce non-synonymous SNPs in the ddlA gene (0.80 %) and on alr gene (0.98 %) and a slightly higher frequency of nonsynonymous SNPs in the, cycA (1.26 %) and ald genes (1.52 %) when compared to the gyrA and rpoB (1.99 and 1.85 %, respectively) ( Fig. S1 and table S1 ). Therefore, these results demonstrate a low degree of SNPs in the genes encoding DCS targets, in agreement with lack of DCS resistance in clinical isolates.
To investigate the biological causes of such low resistance frequency in M. tuberculosis, we examined the frequency of spontaneous mutations conferring resistance to DCS, by carrying out fluctuation analysis experiments (28) . Fluctuation analysis indicates that the frequency of spontaneous mutations conferring DCS resistance in M. tuberculosis is ultra-low (10 -11 ). This result is in agreement with the only other report of the mutation rate of DCS with M. tuberculosis (29) . This ultra-low frequency is consistent with DCS engaging two lethal targets in M.
tuberculosis, Alr and Ddl, and represents an important barrier for the selection of resistance.
Nevertheless, under antibiotic pressure this frequency might be different, as has been suggested from a recent study reporting DCS clinical resistance (22, 24) . 1A and table S3 ). Among the genes known to be potential DCS targets or associated with DCS resistance, we only detected mutations in the alr gene ( Fig. 1A and B) . All eleven mutants are 8-fold more resistant to DCS when compared to the parent strain ( Fig.   1C ). In line with these results, all eleven mutants were also 4-fold more resistant to terizidone (TRZ), a better tolerated DCS pro-drug that contains two equivalents of DCS per molecule (31) .
Interestingly, these mutants showed differential susceptibility patterns when tested against vancomycin (VAN) and teicoplanin (TEC). VAN We next sought to investigate the potential fitness cost that these mutations might confer, which if high, could explain the scarcity of DCS resistant M. tuberculosis strains in the population.
Given the slow-growing nature of M. tuberculosis, we carried out these experiments as a function of time, by measuring fitness kinetics. Kinetic analysis of fitness cost also precludes interpretation of single time points, which might not reflect the true phenotype. We examined fitness in vitro, in standard Middlebrook 7H9 medium, using a direct competition assay; inside interferon-gamma-stimulated or naïve human monocyte-derived macrophages; and finally, in vivo in a mouse model of infection (Fig. 2) . In vitro, DCS (Fig. 2A) (Fig. 1C and Fig. S3 ). Interestingly, our fitness kinetics experiments reveal that there was no significant fitness cost associated with mutations causing DCS resistance in vitro.
We then examined the uptake by and survival of the DCS R strains in human monocyte-derived macrophages. All DCS R strains tested were taken up similarly by macrophages (Fig. 2B ). In line with the fitness cost shown in vitro, DCS R 4, bearing solely the D322N Alr mutation, was attenuated during infection of naïve and of interferon gamma-activated human macrophages, compared to the parent strain (Fig. 2B) . The presence of the mas V1442G or the ppsA E419K
SNPs again led to compensatory benefits as strains DCS (Fig. 2B) . In contrast, DCS R 5, bearing the alr upstream deletion and a SNP on rv2962c gene was significantly attenuated for growth in human macrophages, compared to the parent strain (Fig. 2B) . Similarly, DCS an as yet unknown transcriptional repressor, but alternative mechanisms that lead to enhanced gene expression could also be involved. In contrast, all other DCS R strains displayed similar levels of alr expression (Fig. 3A) . There was no change in the expression of the ddlA gene in any strains indicating again that ddlA is not linked with DCS resistance in M. tuberculosis. Also, no changes in the RNA levels of genes related to downstream biochemical reactions in peptidoglycan biosynthesis such as murD, murF and murI were observed in any of the DCS R strains (Fig. 3A) . In addition, during an acute DCS treatment (high dose, short time), transcriptional changes of these selected genes were partially altered in the majority of the mutants. There is upregulation of DCS targets, alr and ddlA, as well as cycA and the downstream peptidoglycan biosynthesis related genes murD, murF and murI (Fig. 3A) . These subtler transcriptional changes likely indicate a concerted effort to maintain the structural integrity of peptidoglycan in M. tuberculosis under DCS stress (Fig. 3A) . We further examined the protein levels of Alr, using a specific anti-Alr serum, and found that Alr is also elevated in the DCS (i) providing extra D-Ala which will protect Ddl from DCS inhibition and (ii) removing free DCS from the cell, functioning as a "sponge", a mechanism already shown in aminoglycoside resistance (38) . Taken together, these results indicate that overexpression of Alr alone is sufficient to cause DCS resistance in M. tuberculosis.
We next investigated the effect of the D322N substitution on Alr activity, as this mutation was present in eight out of the eleven mutants isolated (~70% of the mutants). Analysis of the structure of M. tuberculosis Alr indicates that D322 from the adjacent monomer makes a watermediated hydrogen bond with the pyridoxal 5'-phosphate cofactor (Fig. 3C ). As such we will refer to it hereafter as D322'. Such an interaction suggests roles for this residue in either ligand binding, catalysis and/or inhibition. Recombinant Alr (wild-type) and Alr D322'N were expressed, purified and enzymatic activity as well as inhibition by DCS were evaluated (supplementary methods and Fig. 3D , E, F, G). We first analysed the pH profile of Ala racemization carried out by wild-type and the D322'N mutant. Under k cat conditions, the D322'N mutant has significantly lower catalytic activity compared to wild-type Alr across all pH values tested ( Fig.3E) . At neutral pH, Alr D322'N is approximately 20-fold slower than wild-type enzyme. Under k cat /K m conditions, no differences were observed for wild-type and D322'N Alrs in the pH range tested. As DCS forms a covalent inhibitor with alanine racemases pyridoxal 5'-phosphate cofactor and IC 50 measurements are misleading for irreversible inhibitors, we evaluated k inact and K i parameters for wild-type and D322'N enzymes with DCS. The D322'N point mutation in Alr leads to a 240-fold decrease in the k inact /K i for DCS (Fig. 3G ). This result indicates that despite the moderate impact under k cat conditions, Alr D322'N is highly resistant to DCS inhibition. Separation of k inact (rate of inactivation) and K i (binding) parameters revealed that the D322'N mutation leads to a loss of affinity for DCS (Fig. 3F) , with only a very modest increase in the inactivation rate (Fig. 3F) . Together, these results indicate that the most common mechanism to generate DCS resistance is by the modification of Alr, causing it to not bind effectively to DCS. Decreased affinity for DCS would lead to more alanine racemisation, which in turn would be predicted to protect Ddl from inhibition.
Prediction of resistance to novel antibiotics and pre-engineering/selection of compounds with ultra-low frequencies of resistance is essential for modern antibiotic development (39) . Two more fundamental characteristics when evaluating drug resistance are the inherent rate to which mutations conferring resistance can arise in a particular pathogen and the potential ways in which fitness cost can be mitigated by alternative or compensatory mechanisms. The frequency of spontaneous mutations conferring resistance to DCS (mutation rate) is ultra-low in M.
tuberculosis (ca. 10 -11 ) ( (29) and this work). Mutation rates are important but identifying and understanding potential routes for compensating fitness costs associated with resistance are equally important to evaluate and predict resistance appearance and dynamics in populations (39) . Estimation of fitness costs not only in bacterial growth medium but also in cellular and whole-organism models is essential to uncover the true likelihood of a genotype to be propagated or eliminated from a population. We found that generation of mutants in vitro is an ideal way to access high variability of genotypes, which can then be studied in various models. This contrasts with the use of clinical strains, which have already been selected to allow growth in the host and therefore will only have low to negligible fitness costs. In addition, we found poor correlation between fitness measured in growth medium with fitness measured in macrophages and mice. In vitro estimations of bacterial fitness, which are more commonly carried out in a laboratory setting, seem to significantly underestimate phenotypes that are clear in cellular or wholeorganism models.
This study is in agreement with studies highlighting the implication of alr in DCS resistance in M. tuberculosis (22, 23) . We showed that there are two alr-related mechanisms underlying DCS resistance: overexpression of Alr or reduction of the inhibition of Alr through a previously unknown single point mutation. We showed that a promoter mutation upregulates alr gene transcription and increases Alr protein level up to 30-fold ( Fig. 3A and B) . This promoter mutation has been misannotated in recent clinical strains as a substitution of a Phe to Leu in position 4 of Alr; however, according to the recently curated version of Alr (Uniprot ID P9WQA9), this codon falls into the promoter sequence and it is not transcribed in the alr mRNA.
In addition to this mutation, we also observed a deletion further upstream of the alr starting codon, possibly in an area where a yet-to-be-identified transcriptional repressor might bind. This deletion resulted in increased transcription of the alr gene with concomitant Alr overexpression, as observed in the promoter mutation strains. Crucially, this mutation has not been found in the clinic. The most common DCS resistance mechanism involves Alr modification (D322'N). This mutation reduces the affinity of Alr by DCS by over 240-fold, with some associated disruption of its catalytic activity. One XDR-TB strain contained a mutation on the succeeding residue, M221T, implicating the importance of these two residues in the inhibition of Alr by DCS.
In summary, DCS resistance is an ultra-rare event in M. tuberculosis and secondary compensatory mutations might alleviate potential fitness costs. Therefore, the lack of widespread clinical resistance to DCS is due to the low mutational frequency of M. tuberculosis. DCS is known to inhibit two enzymes from the same pathway and therefore it seems reasonable to propose that finding other molecules that truly inhibit more than one essential enzyme is the most rational route to resistance-evading antibiotics.
Lastly, the results of this work, in combination with clinical WGS studies and phenotypic data can help improve the diagnosis of DCS resistance through generation of molecular tools for mapping DCS-conferring mutations. Importantly, our findings can be utilized to improve the design of second-generation DCS analogues that will maintain low mutation rates and avoid resistance while minimizing undesirable cytotoxic effects. 
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